Magnesium ions (Mg 2+ ) play essential roles in various physiological and pathological processes, its abnormal homeostasis in cells is related to many diseases, such as diabetes, neuromuscular disorders, hypertension and other cardiovascular disorders. Investigation on the regulation of magnesium in cellular processes has attracted considerable interest in the past several decades. Among those reported strategies, fluorescent imaging technology has become a powerful and cost-effective tool for the real-time monitoring of magnesium distribution, uptake and trafficking, due to its superior features of high sensitivity and noninvasiveness, as well as excellent spatial and temporal fidelity. Herein, we critically summarize the progresses in the intracellular magnesium detection with fluorescent imaging probes. Our discussion focuses on the recent contributions concerning fluorescent imaging probes for mapping magnesium in biological processes. All the candidates are organized according to their acceptor structures. The sensing mechanisms of fluorescent probes are also highly taken into account. Challenges, trends and prospects of fluorescent imaging technology in magnesium detection are also set forth.
Introduction
The magnesium ion (Mg 2+ ) is one of the most abundant essential elements in cells and plays a critical role in numerous cellular processes such as cell proliferation, cell death, enzymedriven biochemical reactions, channel regulation, stabilization of DNA conformation and signal transduction. [1] [2] [3] There are approximately 300 enzymatic reactions mediated by Mg 2+ in cells, and the concentration change of intracellular Mg 2+ is believed to regulate the metabolism of cells. 4 In the majority of mammalian cells, intracellular free Mg 2+ usually ranges from 0.5 mM to 0.7 mM, maintained by Mg 2+ transport across the cell membrane, intracellular buffering and compartmentation into organelles. 5 In medical settings, hypomagnesemia can result from various causes including hypertension, diabetes, osteoporosis, metabolic syndrome, neuronal injury, cell senescence and antitumor efficacy of chemotherapeutics. By contrast, hypermagnesemia occurs less frequently than other common diseases, however, it associates signicantly with chronic renal failure and even results in cardiac arrest in extreme cases. 6, 7 In addition, magnesium sulfate is presently employed to treat numerous conditions such as arrhythmias, myocardial infarction and eclampsia. 8 Therefore, it is of great value and urgency to develop simple, rapid and efficient analytical methods to detect magnesium mobilization, distribution and concentration changes in cells.
Over the last few decades, several conventional analytical methods have been put forward to measure Mg 2+ in either xed or live samples. These methods have respective benets and drawbacks and can be exploited with variable levels of con-dence in studies of specic issues. Atomic absorption spectroscopy (AAS) developed by Australian chemist Walsh in the 1950s (ref. 9 ) has been historically the rst and most frequently used technique to detect magnesium in acidic extracts of biological samples. The introduction of AAS partially obviated methodological limitations: the system made it possible to measure the level of magnesium in all biological samples, with a lower detection limit of 10 mM. However, AAS could only better our understanding of magnesium metabolism to some extent. 26 Mg), which can be used in assessment of exchangeable magnesium pool masses as well as the evaluation of magnesium status and uxes in animals and humans. 10 However, the method is costly and demands of detection by mass spectrometry (or better, ICP-MS), which is not easily accessible.
the fact that most magnesium in the cytosolic matrix is bound to ATP (adenosine triphosphate). When magnesium is bounded to ATP, it shis the resonance frequencies of signals (chemical shi) coming from the three phosphoric groups of the molecule. Due to the chemical equilibrium between bound and free magnesium, the chemical shi of ATP signals is a function of free Mg 2+ concentration. 31 P-NMR offers the unique opportunity to measure in vivo cytosolic Mg 2+ concentration in several tissues and has provided new hints on magnesium homeostasis and its involvement in the cellular bioenergetics of human brain and skeletal muscle. 11 However, this method requires cumbersome sample pretreatment, time-consuming and complicated instruments. What's more, no information on intracellular magnesium distribution can be derived.
Due to the weaknesses of these methods, it inspires the creation of new analytical methods to help further our understanding of the distribution, uptake, and trafficking of Mg 2+ in living systems. 12 Hence, uorescent imaging technologies were developed and stand out as the most effective approach because of its simplicity, high sensitivity, excellent spatial-temporal resolution, fast response and non-invasiveness. Over the last decades, a boom of uorescence imaging techniques have been witnessed among the most powerful platforms for dynamic behaviour determination and real-time observation in a single living cell, 13 which were also expected to be used in magnesium research. As a result, a variety of novel uorescent probes for detection of Mg 2+ have been reported. Together with the rapid development of confocal laser scanning and two-photon microscopy (TPM) techniques, uorescence methods now provide a robust tool to visualize and measure Mg 2+ in three dimensions, even deep into tissues.
To date, a plethora of uorescent probes for Mg 2+ have been developed and this research eld has become very active and exuberant. Therefore, a systematic survey of progress in the rapid development of uorescent probes for Mg 2+ is highly demanded. Herein, we will focus on the recent progress in the creation of novel uorescent imaging probes for Mg 2+ and their applications in cell biology. Firstly, to gain a better understanding of the rational design approaches and discuss how the uorescence probes react with the analytes, we will present and outline the general principles of designing effective uorescent imaging probes for biological applications. 
The general design principles of functional fluorescent probes
Many photophysical processes (quenching via collision, photoinduced electron transfer, exciplex formation, photoinduced proton transfer, energy transfer and etc) may be responsible for the uorescence changes (excitation and emission spectra, quantum yield, uorescent lifetime and etc) upon binding of the analyte by the probes. 14, 15 The most widely utilized uorescence signaling mechanisms in the design of probes will be briey discussed in this section.
Photoinduced electron transfer (PET)
Photoinduced electron transfer (PET) is possible the cause of uorescence quenching, when the PET process is followed by a nonluminescent process back to the normal state. 16, 17 The PET process can be illuminated picturesquely based on the molecular orbital theory, therefore becomes a powerful tool to expound the uorescence "on-off" switching of uorescent probes. Fluorescent probes on the basis of PET are oen structured as uorophore-spacer-chelator constructs. In this pattern, an aliphatic spacer separates the uorophore and chelator, thus electronically disconnect the p-electron systems of them. According to the electron accepting or donating relationships between uorophore and chelator in one uorescent probe, PET can be subdivided into the reductive PET and the oxidative PET.
18 This review will focus on the reductive PET due to its frequent use in the design of uorescent probes (as depicted in Fig. 1) . In reductive PET, the uorophore is reduced while the chelator is oxidized, that is the chelator acts as the electron donor (e.g., the amine group) and the uorophore serves as the electron acceptor. During the reductive PET process, photo-excitation promotes an electron from the HOMO (the highest occupied molecular orbital) of the uorophore to its LUMO (the lowest unoccupied molecular orbital). Subsequently, the reaction between the uorophore and the analytes induces either the appearance or removal of the "nearby" orbital between HOMO and LUMO of the uorophore, leading to uorescence quenching or enhancement, respectively.
Intramolecular charge transfer (ICT)
The intramolecular charge transfer (ICT) strategy for cation sensing was introduced by Valeur.
19 Probes based on ICT are featured by conjugation of an electron-donating unit to an electron-accepting unit in one molecule to rise a ''push-pull'' pelectron system in the excited state, 20 which have been extensively used for cation sensing. While the electron-donating part interacts with an analyte, the electron-donating character of the probe decreases, generating a blue shi in the absorption spectrum. In contrast, an evident red shi is observed when the ICT becomes more developed owing to the interaction of an analyte with the electron-accepting part (as described in Fig. 2) . Besides, changes in the uorescence lifetimes and quantum yields are also observed. Up to now, a great number of uo-rescent imaging molecules are derived from this ICT mechanism by changing either the electron-donating, electronwithdrawing ability or p-conjugation degree of the uo-rophores to interact with the target analyte.
Excited-state intramolecular proton transfer (ESIPT)
Excited-state intramolecular proton transfer (ESIPT) has also been adopted for designing uorescent imaging probes because of its unique and excellent spectral sensitivity to the environmental medium. ESIPT process typically involves a fast proton transfer from a proton donor (oen hydroxyl or amino unit) to an acceptor group (usually either carbonyl oxygen or imine nitrogen) atom in the excited state of a uorophore mediated by an intramolecular hydrogen bond. 21 A pictorial representation of ESIPT process is depicted in Fig. 3 .
Owing to the transformation between the enol and keto form in the ESIPT-based system, as such, the ESIPT process not only radically reduces the photochemical reactivity of the excited molecules, but also signicantly enhances their photostability. On top of this, a large manifest Stokes shi can also be observed. Therefore, the ESIPT process is quite suitable for designing uorescent imaging probes requiring spectral shi for selective detection.
Fluorescent resonance energy transfer (FRET)
Fluorescence resonance energy transfer (FRET) mechanism comprises energy transfer between a pair of uorophores that serve respectively as energy donor and acceptor. 22, 23 FRET is a distance-dependent interaction between the electronic excited states of two chromophores in which excitation energy is nonradiatively transferred from a donor chromophore to an acceptor chromophore via nonradiative dipole-dipole coupling (as represented in Fig. 4 ). In those transfer processes, several vibronic transitions in the donor have approximately equivalent energy to those in the acceptor. Molecules in which FRET is operative are quintessentially used to articially increase the Stokes shi. As applied in sensing applications, the emission of the donor at relatively short wavelengths serves to activate emission of the acceptor at longer wavelengths with the ratio of the uorescence intensities of the donor and acceptor emissions modulated by the target analytes. To obtain a high FRET efficiency, it is required that spectral overlap between the donor emission and the acceptor absorption spectrum is substantial.
24
Many FRET-based uorescent probes have been created subsequent to these pioneering efforts for the ratiometric detection of metal ions, such as Hg 2+ , 25 Zn 2+ . 26 So far, no FRETbased uorescent probes for Mg 2+ have been reported, which suggests that it is a hard nut to crack in this eld.
Fluorescent probes for magnesium ions based on different binding sites
Besides the uorescence signaling mechanisms, there are several important characteristics of uorescent imaging probes must to be tuned when selecting or designing aprobe for imaging the analyte in living cellular systems, such as the excitation/emission wavelength, photostability, uorescence quantum yield, uorescence lifetime and so on. Conceivably, the most signicant factor to consider when choosing a uo-rescent probe is its binding affinity, which mainly depends on the acceptor. The acceptor, in other words, is the selective binding sites and dictates the sensitivity to molecular/ion recognition. To be applied in living cellular systems, a highaffinity Mg 2+ binding probe should be selective for Mg 2+ over other biologically abundant ions, which exist at much higher cellular concentrations. In the further section, we will try to provide a critical overview of Mg 2+ uorescent probes based on different binding sites known by now, with particular regard to the latest advances.
Fluorescent probes for Mg
The o-aminophenol-N,N,O-triacetic acid (APTRA) structure, which is the most common acceptor, is generally deemed to be the Mg 2+ -selective binding site (its structure is shown in Fig. 5 ). heart, liver, and nervous system.
32-35
Thereaer, Mag-indo-1 has been synthesized on the strength of identical molecular design as Mag-fura-2.
36 Mag-indo-1 has a dissociation constant (K d ) of 2.7 mM for Mg 2+ and is excited by UV light to emit uorescence in the visible region. Mag-fura-2 undergoes a palpable shi in excitation wavelength aer binding to Mg 2+ , whereas Mag-indo-1 presents a shi in both its excitation and emission wavelengths. The K d of Mag-indo-1 for Mg 2+ is lower than that of Mag-fura-2 (the parameter is shown in 
37-39
Later, several other uorescent probes which possess the APTRA group as the binding site for Mg 2+ have been developed, such as Mag-uo-4 and Magnesium Green. 40, 41 The remarkable feature of those probes compared to the aforementioned ones is that they are excited by visible light (see Table 1 ) rather than UV irradiation which is regarded to be more cytotoxic. 42 The maximum excitation and emission of Magnesium Green are 490 nm and 520 nm, respectively. Upon binding to Mg 2+ , the uorescence intensity of Magnesium Green increases without any shi in the wavelength. Moreover, Magnesium Green presents a higher affinity for Mg 2+ compared to both Mag-fura-2
and Mag-indo-1. In biological applications, Magnesium Green has been exploited to probe intracellular Mg 2+ for the exploration of the binding of free Mg 2+ by the bacterial SecA protein and the investigation of ATP hydrolysis in spontaneously contracting cardiomyocytes.
43,44
Unfortunately APTRA group serves as the receptor for Mg 2+ , while 2-acetyl-7-diethylamino-9, 9-dimethyl-9H-uorene and 2-diethylamino-7-nonanoyl-9,9-dimethyl-9H-uorene acts as the uorophore, respectively. The acetoxymethyl (AM) ester form of them (FMg1-AM and FMg2-AM) can passively diffuse through the plasma membrane and readily stand enzymatic hydrolysis to reform the metal-ion probe inside the cell. FMg1 and FMg2 display absorption maxima at 362 nm and 368 nm with uorescence maxima at 540 nm and 555 nm, respectively. When Mg 2+ is added to FMg1 and FMg2 in MOPS buffer, the uorescence intensity increases remarkablely without impact on absorption spectra, which may be a result of the blocking of the PET from APTRA to uorophore upon chelation with Mg
2+
. The K d values of FMg1 and FMg2 for Mg 2+ are 1.5 mM and 1.7 mM, respectively (see Table 1 ). FMg2-AM in combination with BCaM are utilized as two-photon probes to investigate Mg 2+ /Ca 2+ activities in HepG2 cells by dual-color imaging.
As noted above, the two-photon microscopy (TPM) is able to visualize the distribution of intracellular metal ions in living cells and tissues. TPM utilizes two photons with lower energy as the excitation source, is getting increasingly prevalent among biologists owing to several distinct advantages. Two-photon probes offer numerous unique benets over one-photon probes, from increased penetration depth (>500 mm), lower tissue autouorescence and self-absorption to reduced photodamage and photobleaching. In fact, the rst two-photon uorescent probe AMg1 for Mg 2+ was also initially developed or selenium in the azole moiety of 'fura' uorophores, as named Mag-S and Mag-Se (structures are shown in Fig. 5 ). 49 The molecular design of Mag-S and Mag-Se is based on the strategy that the incorporation of heavier chalcogens into the structure of the Mag-fura-2 probe would help shi their excitation and emission to longer wavelengths, becoming more submissive for live cell uorescence imaging of Mg 2+ . Mag-S and Mag-Se show a promising result in reality. Mag-S and Mag-Se display excitation maximum at 392 nm and 410 nm in the free-state, respectively, while the two probes show emission maximum at 572 nm and 584 nm in unbound form, respectively. Hence, a single replacement of O by S or Se in the structure of the uorophore generates a bathochromic shi greater than 60 nm in the emission of the probe. Both Mag-S and Mag-Se's responses to Mg 2+ show a signicant hypochromatic shi in the uorescence excitation and emission spectra. The separation between excitation bands for the metal-free and bound probe anchored to the electron poorer thiazole and selenazole is dramatically larger than that of the oxazole derivative. This feature is desirable for ratiometric imaging and the test for responding of Mag-S for the ratiometric measurement of Mg 2+ in HeLa cells was performed. Recently, the same research group using Mag-S as the parent probe introduced a clever two-step strategy for in situ anchoring and activation of uorescent sensing Mg 2+ within intracellular organelles of choice. 50 Step one, they choose append a tetrazine moiety to Mag-S through a uorogenic reaction; step two, as trained bicyclononyne in the structure of uorophore covalently linked to a genetically encoded HaloTag fusion protein of known cellular localization. Experiments proved that the sensing system could realize the aim for the ratiometric detection of Mg 2+ in target organelles in HEK293T cells. The labelling strategy is, furthermore, fully compatible with live cell imaging and enables the real time visualization of changes in metal ion distribution involved in cellular processes, providing a valuable tool for tracking changes in magnesium distribution that to date have been an unsolved mystery in the cell biology of Mg 2+ .
However, the other photophysical properties of the probes do not improve signicantly. For example, the interference of Ca 2+ or other biologically relevant metal ions is not negligible.
Moreover, the uorescence quantum yield is lower. On top of these, the dissociation constants of Mag-S and Mag-Se decrease slightly in comparison to Mag-fura-2. To sum up, the chalcogen replacement strategy may open the doors to enhance redshied ratiometric detection for other biologically relevant ions. by a conjugated p-electron system, which not only frees bright uorescence detection from the inuence of protons under neutral conditions, but also brings about a large uorescence spectral change subsequent to formation of the Mg 2+ complexes inasmuch as the ICT process. These uorescent probes give rise to a red shi from 425 nm to 445 nm in the absorption spectra due to formation of a complex with Mg 2+ . Besides, the uores-cence spectrum also presents a red shi from 485 nm to 495 nm and a rise in uorescence intensity aer Mg 2+ complex formation. Moreover, the probes display a "seesaw-type" uorescent spectral change with the isosbestic point at 480 nm as a result of the light excitation at 445 nm, implying that ratiometry can be used for the measurement. Fluorescein and rhodamine are known to be excitable at long wavelength, and have a high uorescence quantum yield in an aqueous medium, as is generally used in biological experiments.
Fluorescent probes for Mg
53 Nagano and co-workers developed four novel uores-cent Mg 2+ probes, 2 0 -CF, 2 0 -CF-Cl, 2 0 -CF-F and 2 0 -CFR (these probe are shown in Fig. 6 ). All of them contain 2 0 -carboxyuorescein or its derivatives as uorophore, and a carboxyl group at the 2 0 -position to make up a b-keto acid moiety as the Mg 2+ chelating site. 54 Those probes could be used in the confocal microscope, however, they showed a lower affinity for Mg 2+ (K d ¼ 15.8 mM of 2 0 -CF, other parameters are shown in Table 2 ) and suffered from strong pH interference, therefore, the project were forced to be abandoned. Then, the focus shis to the KMG series. Similar to KMG-20-AM, these compounds possess a charged b-diketone as a specic binding site for Mg 2+ , which is attached to the 9 0 -position of xanthene (as presented in Fig. 6 over Ca 2+ is much superior to that exhibited by Mag-fura-2 and
Mag-uo-4. Moreover, the uorescence of KMG-104 appears to be insusceptible by pH changes in the range from 6.0 to 7.6. In order to simplify cell loading, KMG-104-AM, a membranepermeable probe of AM ester form of KMG-104 has also been synthesized. The probe was successfully incorporated into PC12 cells through microinjection method. By using a confocal microscope, the intracellular three-dimensional Mg distributions were successfully imaged with the KMG-104-AM probe. KMG-104 was adopted to detect Mg 2+ transients upon mitochondrial depolarisation, and this led to the hypothesis that mitochondria could be intracellular magnesium stores.
57
Features of KMG-104 in terms of excitation spectrum, uores-cence enhancement and ion selectivity make this probe become one of the most promising alternatives to detect free Mg 2+ by live cell imaging. In order to combine the uorescent probe KMG-104 with a protein and explore the mobilization as well as underlying mechanisms of Mg
2+
, KMG-104-AsH has been designed and developed (as shown in Fig. 6 ). KMG-104-AsH consists of the highly selective uorescent Mg 2+ probe and a tetracysteine peptide tag (TCtag), which can be genetically incorporated into any protein. 58 Aer the combination, KMG-104-AsH has a highly selective affinity for Mg 2+ Developing an efficient two-photon probe for the detection of Mg 2+ ions in living cells and live tissues is a very useful strategy. Bong Rae Cho and his research group designed another two-photon probe CMg1. In contrast to the APTRA binding site in AMg1, CMg1 contains a strong donor-acceptor pair in the cyclic planar framework to facilitate the intramolecular charge transfer (ICT) for high two-photon crosssection and an integral b-keto acid as the Mg
-binding site to increase water solubility, while maintaining a small molecular weight for optimal cell permeability. 59 CMg1 can be excited at 880 nm and its spectral properties was dramatically inuenced by the lipophilicity of the solvent, deciphered as a better metal ion binding in a more hydrophobic environment. Indeed, the binding affinity of CMg1 at 100-300 mM depth in live tissues using two-photon microscopy. Coumarin and its derivatives have been extensively used as organic dyes to design uorescent probes. CS was a good example, Gupta et al. using coumarin derivatives, 4-methyl-7-hydroxy-8-formyl coumarin, a simple molecule served as a selective probe for Mg 2+ . 60 (as presented in Fig. 6 chelation agent in signicance aer ethylene diaminetetraacetic acid (EDTA). 62 The most noteworthy characteristic of 8-HQ is its extremely low quantum yield in aqueous or organic solutions and the uorescence enhancement arising from cation binding, which results in an intense yellow-green uo-rescence. Furthermore, the uorescence of the complex species varies with the environment and becomes brighter as lipophilicity increases.
63,64
A signicant and promising work had been accomplished by an Italian research group, who designed and developed a new family of uorescent molecules for Mg 2+ obtained by conjugation of a diaza-18-crown-6 ether with 8-hydroxyquinolines bearing various substituents (DCHQ1-6, Fig. 7 ).
65-69
Among the panel of the novel synthesized DCHQ probes, various of groups are inserted into the 5-position of the 8-HQ side arms to obtain diverse target probes. DCHQ1 and DCHQ2 were obtained by substitution of hydrogen atom and chlorine atom, respectively, while DCHQ3 bears two terminal acetoxymethyl ester groups instead with the goal of enhancing cellular uptake and/or trapping efficiently. Furthermore, by bearing long alkyl chains on the 8-hydroxyquinoline side arms, DCHQ4 obtains higher lipophilicity and, consequently, better affinity for membranes. Finally, one aromatic group each is inserted on the 8-HQ side arms to give DCHQ5 and DCHQ6, conducing to the overall charge delocalization, in an attempt to bathochromic-shi the absorption and emission spectra with respect to the parent probe DCHQ1.
The photophysical properties of these probes have been extensively studied. Several probes exhibit a remarkable increase in uorescence intensity in the existence of Mg 2+ while other alkaline-earth ions induce no noticeable uorescence increase. Probes in this family display an intense band at around 240-250 nm and a smaller and broader band at around 310-330 nm in free-state. The former can be ascribed to a p-p* transition, while the latter shows a main charge transfer feature with charge density shiing from the hydroxyl oxygen atom to the quinolone. 66 All the compounds present a weak emission band at around 465-510 nm with low values of uorescence quantum yields in free form, due to the presence of the nitrogen atom in the macrocycle and the 8-HQ derivative, which can be elucidated by the photoinduced electron transfer (PET) mechanisms. total Mg 2+ distribution. 68 According to the results, the aromatic probe DCHQ5 presented unique characteristics and appears to be a valuable and efficient candidate tool for the evaluation of total intracellular Mg 2+ and understanding the homeostasis of this important element better. As an example of the sensitivity of DCHQ5, the participation of Mg 2+ in multidrug resistance in human colon adenocarcinoma LoVo cells sensitive (LoVo-S) and resistant (LoVo-R) to doxorubicin was studied. The results revealed a higher Mg 2+ concentration in LoVo-R cells. 69 Theseintriguing results indicate that the photochemical characteristics of DCHQ probes might be applied to detect Mg amine and a carbonyl compound. In the realm of coordination chemistry, the Schiff base plays an important role and is commonly used as ligands to form coordination complexes with metal ions. 73 Recently, moderating the corresponding groups of C]N structure to construct uorescent probes for Mg 2+ were based on the combination action of uorescence signaling mechanisms. For example, probe SBL-1 (as shown in Fig. 8 , take the rst letter of each word in phrase: Schiff base ligand, named SBL) selectively recognizes Mg 2+ due to rapid isomerization around the C]N bond, 74 meanwhile, the introduction of a hydroxyl to the adjacent nitrogen can induce excited state intramolecular proton transfer (ESIPT) to generate a keto tautomer with procient Mg 2+ binding capability, such as probe SLB-2, -3, -4, and SLB-5. They are also identied as the photoinduced electron transfer (PET) action from the lone pair of the sp 2 nitrogen to the uorophore when the uorescence could be quenched in coordination without Mg 2+ , however, when probes bind to Mg 2+ , these processes will be blocked.
SBL-1, a novel probe, which was designed and developed by Ray and co-workers, 74 connected two different coumarin derivatives through an imine linkage to form a metal binding site in the middle of uorescence signaling system. The molecule possesses satisfying photophysical properties, including a large Stokes shi, visible excitation and emission wavelengths as well as little or no interference from other metal ions. Disappointingly, this indicator is completely useless for biological applications, because its emission dramatically decreases upon the addition of water, and entirely vanishes in 10% v/v water, which makes this indicator completely futile for biological applications. SBL-2, which was designed and developed by Narinder Singh and colleagues, 75 has been constructed for the ratiometric recognition of Mg 2+ in semi-aqueous solution at pH 7.0. This probe with a Schiff base ligand in structure undergoes ESIPT process which can provide dual channel emission to realize ratiometric determination of Mg 2+ , along with the keto tautomer as an efficient receptor for Mg 2+ . The uorophore exists preferentially in the enol form and is stabilized in the ground state by an intramolecular six-membered ring Hbonding motif. Upon excitation at 275 nm, the excited enol form (E*) is transformed into the excited keto tautomer (K*) arised from ESIPT. This process results in an emission band (band at 355 nm) with a large Stokes shi. The keto form (K) returns to the enol form via a reverse proton transfer aer decaying to the ground state (the proposed responding model with Mg 2+ is showed in Fig. 8 81 It was designed and synthesized by Maity and his workmates using coumarin derivative 3-amino-7-(diethylamino)-2H-chromen-2-one as uorophore and it was conjugated to 2,6-diformyl-4-methylphenol via a C]N bond as well. The proposed binding mode of SBL-8 with Mg 2+ and Zn 2+ is based on C]N bond isomerisation mechanism and the binding sites maybe include the carbonyl oxygen of coumarin ring, imine nitrogen as well as phenolic oxygen (as shown in Fig. 8 ). However, owing to lack of selectivity towards Mg
2+
, thus the application of SBL-8 will be limited to some extent.
Miscellanea
As discussed in the preceding part of this review, four families of Mg 2+ -responsive uorescent probes have been reported and put into biological applications, i.e. the receptor groups based upon an APTRA, a charged b-diketone, a crown ether structure and a Schiff base ligand. However, there are still other types of Mg 2+ -responsive uorescent probes, which do not belong to the above classication, have also been developed. There-in-aer, we will give a brief introduction of these probes.
Calixarenes are cyclic oligomeric host molecules formed through a condensation reaction between phenol and formaldehyde. They exist in different ring sizes, each bearing a hydrophobic interior, among which the four-monomer ring system calix [4] arene is the most studied one. The usage of calix [4] arenediamide derivative as a probe for the detection of Mg ions was described by Song and colleagues. 82 The probe exhibits a large Mg 2+ -induced red-shied emission. The selective sensing of Mg 2+ over other potentially interfering ions could be realised by analysing the ratio between uorescence emission at 493 and 409 nm, and the value was signicantly higher for Mg 2+ .
Such discriminating behaviour suggested that this molecule could be utilized in ratiometric sensing of magnesium in semiaqueous environments. Analogously, porphyrins and their derivatives, which contain both a uorophore and a coordination platform, are promising candidates for the development of cation-responsive probes. These molecules have ideal properties such as a cell-penetrating far-red or near-infrared uorescent emission, as well as large Stokes shis which minimize the inuence of the background uorescence. 83 In accordance with these superior features, a porphyrin-related macrocycle probe for Mg 2+ and Mg 2+ transients upon mitochondrial depolarisation.
The second probe in Fig. 9 , DFC-8-AQ possesses a diformyl-pcresol (DFC)-8-aminoquinoline moiety as the chromophore, 86 with the Schiff base linked to the benzene ring and the quinoline ring coupled with the phenolic and aldehyde groups to constitute the receptor moiety of the probe, which is very close to the charged b-diketone binding site. 
Conclusions and outlook
In the present review, we attempt to cover the advances in uorescent probes for detection of Mg 2+ in past several decades, with the goal of providing some valuable clues to nd the safe exit of such a colorful maze and direct future developments. Firstly, we placed emphasis on the discussion of general design principles of uorescent probes for ion detection, which would contribute to the understanding of the operational mechanisms of uorescent probes for both the users and the inventors. Simultaneously, we classied numerous uorescent probes for sensing Mg 2+ based on the structure of their recognition units.
The appropriate combination of the ion acceptor unit and the uorophore reporter unit can offer a potent tool for the visualisation of Mg 2+ in vitro and in vivo to claricate the roles of Mg 2+ in living organisms. Since the pioneering work of without interference from competitive ions is in urgent demand. Meanwhile, further improvement of the acceptors would also contribute to their utility in cells.
In terms of the uorophore
There is no doubt that the sensitivity and signal-to-noise ratio of a probe mainly depend on the brightness and stability of the probe's uorophore(s) as well as the features of the instrumentation. In general, an ideal uorophore should meet certain requirements, such as, (a) absorption and emission wavelengths in the visible region, or more preferably in near-infrared or infrared range; (b) good photo-stability and very low light scattering; (c) low or no toxicity to living cells; (d) excellent equilibrium between water soluble and fat-soluble property; (e) easy ways to produce and modify probes without high costs. However, the vast majority of uorophores in Mg 2+ uorescent probes don't possess most of these elements, which drastically reduces the potential biological applications. Therefore, it is of highly priority to develop brighter uorophores with better photo-physical nature.
Designing ratiometric probes or functional probes based on multi-sensing mechanisms
It is well-known that ratiometric uorescent recognition prevails over conventional monitoring at a single wavelength since the method is free from the errors related to receptor concentration, photobleaching and environmental effects. Although it is an important step forward to develop control probes, ratiometric probes act as their own internal controls to correct potential dye-dependent localization and sample thickness effects. Such probes are allowed to evaluate the concentrations more quantitatively for Mg 2+ buffered in the cell. The FRET probe for the detection of Mg 2+ is currently blank, which is likely to be a future direction for effort. Besides, the combination of multi-responding mechanisms to construct functional probes will possibly be an ideal choice, too. Looking forward, it is obvious that the performance of probes designed by simultaneous multi-sensing mechanisms to elucidate interactions between Mg 2+ pools and the living systems would be an attractive target in future.
Continued innovations in analytical methods and imaging techniques
Generally speaking, the possibility to monitor Mg 2+ in a living organism would contribute signicantly to magnesium research. Accordingly, the ultimate challenge is not only to design advanced probes, but also to develop satisfactory tools for in vivo investigations. Besides, an additional Frontier is to enlarge the toolkit for imaging Mg 2+ in living organisms, this would undoubtedly enhance our comprehension of Mg 2+ homeostasis at the organismal level. In the last decade, multitudes of different imaging techniques and analytical methods have been employed, ranging from wide-eld uorescence microscopy to confocal microscopy, from single photon uo-rescence microscopy to two-photon uorescence microscopy, and so on. It hopes that the spur that has inspired imaging techniques will also be passed on to the realm of magnesium research.
To sum up, we do believe that with on-limits attitude and extensive collaboration of researchers in chemistry, physics, medicine and biology, the design and synthesis of novel probes as well as the development of advanced imaging techniques and instrumentation will facilitate our understanding of the comprehensive role of Mg 2+ in living cells.
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